Genotypic and phenotypic methods were applied to investigate differences between the closely related species Campylobacter hyoilei and Campylobacter coli. A unique DNA sequence from C. hyoilei was used to design a specific PCR assay that amplified a DNA product of 383 bp for all C. hyoilei strains, but not other Campylobacter species, including C. coli. The PCR assay could detect 100 fg pure C. hyoilei DNA, 2i10 2 c.f.u. ml N1 using cultured cells and 83i10 3 c.f.u. 01 g N1 in faeces. The C. hyoilei sequence utilized for specific detection and identification of this species showed similarities to sequences from bacteriophages Mu, P2 and 186, suggesting lysogination of the ancestral C. hyoilei genome. Activities of a set of 15 enzymes that participate in a variety of cellular functions, including biosynthesis, catabolism, energy generation, maintenance of redox balance and phosphate utilization, were tested using sets of strains of C. hyoilei and C. coli. Comparison of mean rates of enzyme activities revealed significant differences between species in the values determined for seven of these activities. Both the genetic and phenotypic data indicate that C. hyoilei is a unique Campylobacter species.
INTRODUCTION
Bacteria of the genus Campylobacter are associated with various animals and humans. Campylobacter hyoilei is one of the less common species found in animals, but it has been implicated in enteritis in pigs and was isolated from pigs with proliferative enteritis (Alderton et al., 1992) . C. hyoilei is closely related to Campylobacter jejuni and Campylobacter coli, which are normal intestinal flora in warm-blooded animals and are frequently isolated from healthy pigs. Identification and differentiation of closely related Campylobacter species by phenotypic characteristics is difficult and the results often depend on the method used and the interpretation of the results (Penner, 1988 ; Goosens & Butzler, 1992) The GenBank accession numbers for the sequences of C. hyoilei DNA inserts from recombinant plasmids pBT9810 and pBT9811 are AJ271334 and AJ271333, respectively. C. coli, C. jejuni and C. hyoilei is especially difficult when routine biochemical tests are used (Alderton et al., 1995 ; Vandamme et al., 1997) .
Recently, molecular biology techniques have been employed as tools for identifying bacteria. PCR-based genotypic methods, which are sensitive and specific for typing and identification, are used to detect bacteria in clinical samples (Takeshi et al., 1997 ; Ichikawa et al., 1996) . Specific PCR assays for C. jejuni have also been described ; some are based on a random clone from a genomic library (Stonnet & Guesdon, 1993) and others on the sequence of the C. jejuni-specific gene, mapA, encoding a 24 kDa membrane protein (Stucki et al., 1995) . A PCR detection method, based on amplification of the flaA gene sequence of C. coli, has been used to discriminate between C. jejuni and C. coli (Oyofo et al., 1992) . The gene sequences of flaA and flaB have also been used for detection and molecular typing of C. coli and C. jejuni (Rasmussen et al., 1996 ; Waegel & Nachamkin, 1996 ; Comi et al., 1995) . In addition, sequences from conserved and variable regions in the 16S rRNA genes of Campylobacter spp. have been used to design primers and to evaluate PCR assays used for identification and detection of Campylobacter spp. (Giesendorf et al., 1992 ; Van Camp et al., 1993 ; Linton et al., 1996 ; Oyarzabal et al., 1997) . However, in closely related species such as C. coli and C. jejuni or C. hyoilei and C. coli, the differences in the sequences of the 16S rRNA gene are minimal and do not provide a basis to differentiate between these species by a PCR assay (Giesendorf et al., 1992 ; Linton et al., 1997) . Differentiation between C. hyoilei strain CCUG 33450 T and C. coli strain CCUG 11283 T has been unsuccessful using the GTPase gene assay, the glyA gene assay and the C. jejuni and C. coli multiplex PCR assay (Vandamme et al., 1997) .
In the present study, genotypic and phenotypic characteristics are described that allow specific identification of C. hyoilei and differentiation of this pathogen from closely related species, particularly C. coli.
METHODS
Bacterial strains and growth conditions. Bacterial strains used are shown in Table 1 . Campylobacter spp. were grown on Columbia agar supplemented with 5 % horse blood in an atmosphere of 50 % H # , 45% CO # and 5 % O # at 37 mC. Salmonella, Klebsiella, Proteus and Yersinia spp. and Escherichia coli were grown on nutrient agar aerobically at 37 mC.
Extraction of DNA
Genomic DNA. Bacterial cells were harvested from agar plates into 0n85 % saline and total DNA was extracted as described previously . The DNA pellet was resuspended in sterile water at a concentration of 1 µg ml − " and stored at k20 mC.
Plasmid DNA. Plasmid DNA for cloning and restriction enzyme digestion was extracted using a large-scale method (Sambrook et al., 1989 ; Korolik et al., 1995) . Extraction of plasmid DNA for sequencing was performed by the PEG\ NaCl alkaline lysis method (Applied Biosystems).
DNA manipulation. The methods for DNA manipulation and Southern and dot-blot analyses were described previously (Korolik et al., , 1997 . A recombinant plasmid library of C. hyoilei CCUG 33450 T (previously C. hyoilei 32A) was constructed using the plasmid vector pGEM-7Z (Promega) and E. coli XL-1 Blue (Stratagene) recombinant clones were detected by standard methods (Sambrook et al., 1989) .
Preparation of DNA from cell lysate and faecal material for PCR. Cultured cells and faecal material were treated as described by Boom et al. (1990) and Lawson et al. (1997) . The final DNA pellet was resuspended in sterile distilled water and stored at k20 mC. A 5 µl volume was used for the PCR in each case.
DNA sequence analysis. Sequencing was carried out by the dideoxy chain-termination method (Sanger et al., 1977) with an A373 automated fluorescent DNA sequencer (ABI Perkin Elmer). The ORF finder from NCBI (http :\\ www.ncbi.nlm.nih.gov\gorf\gorf.html) was used to identify the ORFs. The amino acid sequences defined by the ORFs were compared to sequences in the databases available at GenomeNet using the  program (Altschul et al., 1990) .
PCR primer design and amplification. C. hyoilei PCR primers used for PCR were CH112F (5h-GAGCTTTAGCTGGA-GCTATTG-3h) and the reverse primer, CH112R (5h-AGC-TCACTCATTTGCCTAGC-3h). The primers were designed from the sequence data using the Australian National Genomic Information Service (ANGIS). The 16S rRNA gene sequence primers for Campylobacter spp. C412F (5h-GGATGACACTTTTCGGAGC-3h) and C1288R (5h-CAT-TGTAGCACGTGTGTC-3h) were as specified by Linton et al. (1996) . PCR amplifications were performed in 100 mM Tris\HCl, pH 8n3, 500 mM KCl, 1n5 mM MgCl # , 200 µM each dNTP, 0n4 µM each primer (CH112F and CH112R), 0n25 U AmpliTaq Gold (Perkin Elmer) and genomic DNA in 25 µl volumes. The reaction mixture was subjected to a hot start at 94 mC for 12 min and 30 cycles of amplification (94 mC for 30 s, 55 mC for 60 s and 72 mC for 60 s) in a DNA Thermal Cycler (Perkin Elmer).
Biochemical analyses. C. coli and C. hyoilei lysates were prepared from cell cultures, grown simultaneously in an atmosphere of 50 % H # , 45% CO # and 5 % O # at 37 mC, by twice freeze-thawing cell suspensions in KCl (150 mM). Mean rates of enzyme activities were measured in lysates of C. coli strains NCTC 11366 T , JC14, CSIRO 40, A293 and 445 and in C. hyoilei strains CCUG 33450 T , 486, 182, 74 and 58 at 37 mC and in a microaerophilic environment employing "H-and $"P-NMR spectroscopy following established protocols (Mendz et al., 1997) . To investigate pyruvate metabolism, initial substrate concentrations were 80 mM pyruvate or 80 mM each of α-ketobutyrate and pyruvate or 80 mM each of α-ketoisovalerate and pyruvate. To study amino acid catabolism, the following substrates were used at 80 mM : -Asn, -Gln, -Glu, -Ser and -Thr. Activities of enzymes of the Krebs ' (tricarboxylic acid) cycle were determined by adding as substrate 100 mM cis-aconitate, 10 mM fumarate or 250 mM -malate. Phosphate metabolism in lysates was measured in suspensions with initial concentrations of 20 mM each of ATP and p-nitrophenyl phosphate, or 30 mM phosphonoacetate. Glutathione reduction was followed in samples containing NADH and oxidized glutathione at initial concentrations of 60 and 50 mM, respectively. The time evolution of substrates and products was followed by acquiring sequential spectra of the reactions. Progress curves were obtained by measuring the integrals of substrate and product resonances at each time point. Maximal rates were calculated from good fits (correlation coefficients of 0n99) of the data to straight lines for 20-40 min of the incubations. Calibrations of the peaks arising from substrates were performed by extrapolating the resonance intensity data to zero time and assigning the appropriate concentration value to this intensity. The intensities of resonances corresponding to products were calibrated by adding the appropriate metabolite to cell suspensions and constructing standard concentration curves. Mann-Whitney non-parametric tests of ten measurements for each enzyme activity of both species were performed with the SPSS package (Chicago, IL, USA). Differences in activities between the two species were considered to be significant for P values less than 0n001. The sequences of C. hyoilei DNA inserts from both recombinant plasmids were determined and analysed. Of the similar proteins, MUB is a DNA transposition protein and Gam is a host-nuclease inhibitor protein. bacteriophage Mu. Sequences from pBT9811 show similarity to baseplate assembly proteins encoded by bacteriophages P2 and 186 phi CTX genes (Tables 2  and 3 ).
ORF

Development of PCR assay for identification of C. hyoilei
Sequencing of the C. hyoilei DNA carried by the recombinant clone pBT9811 revealed an insert of 2424 bp. An oligonucleotide primer pair was designed and synthesized using this DNA sequence. The Differentiation between C. hyoilei and C. coli . ............................................................................................... sequences of the forward and reverse primers, CH112F and CH112R, respectively, are given in Methods. These primers generated an amplification product of 383 bp from chromosomal DNA of the reference strain of C. hyoilei CCUG 33450 T and other strains of C. hyoilei (Fig. 2) . No product was amplified when the PCR assay was applied to C. coli NCTC 11366 T , C. jejuni 11351 T and the other Campylobacter spp., nor from any of the other bacterial enteropathogens tested (Figs 3 and 4) . A range of C. jejuni and C. coli strains isolated from humans with enteritis and from animals was also tested in addition to C. jejuni NCTC 11351 T and C. coli NCTC 11366 T ; similar negative results were obtained (data not shown).
To confirm the specificity of the CH112F and CH112R primers for C. hyoilei, 16S rRNA gene sequence primers of Campylobacter spp. were included in the PCR assay. When the multiplex PCR was applied, the 16S rRNA and CH112 primers generated 816 bp and 383 bp amplicons, respectively, for all C. hyoilei strains tested, whereas only the 816 bp product, corresponding to the 16S rRNA sequence, was detected for other Campylobacter spp. (Fig. 3) .
Sensitivity of the PCR detection of C. hyoilei
The sensitivity of detection of C. hyoilei by primer pair CH112F and CH112R was evaluated using purified DNA, cell lysates and seeded faecal material. The sensitivity of detection for purified DNA was 100 fg. Southern hybridization with pBT9811 increased the sensitivity of detection to 1-10 fg C. hyoilei DNA. The PCR assay could also detect 2i10# c.f.u. ml −" using cultured cells and 8n3i10$ c.f.u. 0n1 g −" in faeces (Fig.  5) , which was equivalent to 415 c.f.u. per 5 µl PCR template before amplification. The sensitivity of detection in faeces could be increased further by hybridizing the PCR products with a radiolabelled probe of pBT9811. The sensitivity was increased up to 2n1i10$ c.f.u. 0n1 g −" faeces, or 105 c.f.u. per 5 µl PCR template. Mean rates of enzyme activities measured in lysates of C. coli strains A 293, 445, CSIRO 15, JC 14 and NCTC 11366 and C. hyoilei strains 32A, 58, 74, 182 and 486 (n l 2). Differences in the enzyme activities between the two species were considered to be significant for P 0n001 ; these activities are marked with an asterisk (*).
Metabolic function/enzyme activity Mean rate (nmol min
C. coli C. hyoilei The rates of 15 enzyme activities were measured in lysates of five C. coli and five C. hyoilei strains employing "H-and $"P-NMR spectroscopy (Table  4 ). The enzyme activities investigated participate in a variety of cellular functions including biosynthesis, catabolism, energy generation, maintenance of redox balance and phosphate utilization. Statistical analyses of mean rates in C. coli and C. hyoilei lysates revealed significant differences (P 0n001) in the values determined for seven of these activities and these different rates were observed in each of the metabolic functions studied.
Pyruvate metabolism
Pyruvate utilization* 18p2 6 2 p8 Acetohydroxy acid synthase 13p1 1 1 p1 Transaminase C 33p5 2 8 p4 Amino acid catabolism Asparaginase 618p100 587p100 Aspartase 179p17 168p17 Glutaminase 24p3 3 5 p4 Serine dehydratase 21p5 2 5 p5 Threonine deaminase
DISCUSSION
In this study, genotypic and phenotypic methods were applied to establish differences between the closely related species C. coli and C. hyoilei. Cloned DNA fragments unique for C. hyoilei were selected from a genomic library, sequenced and characterized. The sequence data were then used to design a PCR assay specific for C. hyoilei that was used to detect this organism from purified DNA, living cells or faecal material. A set of enzymic assays was also employed to demonstrate statistically significant differences (P 0n001) in enzyme activities for C. hyoilei and C. coli species.
This study shows that the PCR primers based on a specific C. hyoilei DNA sequence cloned in pBT9811 hybridized only to C. hyoilei and can be used to distinguish between the type strains of C. hyoilei (CCUG 33450 T ) and C. coli (NCTC11366 T ). An amplified DNA product of 383 bp was detected for all C. hyoilei strains tested and no PCR product was detected for other Campylobacter spp. The PCR assay was validated by inclusion of Campylobacter spp.-specific 16S rRNA gene sequence primers (Linton et al., 1996) in a multiplex assay. All Campylobacter spp. tested generated an amplification product of 816 bp, which provided an independent confirmation of the presence of Campylobacter spp. DNA. A previous report described problems in discriminating between C. hyoilei and C. coli (Vandamme et al., 1997) as well as discrepancies in the percentage relatedness of the genomes of these two organisms. C. hyoilei and C. coli DNA-DNA hybridization percentages have been reported in two separate studies ; our laboratory has reported 36 % homology (Alderton et al., 1995) and 67 % was reported by Vandamme et al. (1997) . Although different methods were used to determine the degree of DNA relatedness, both studies reported a value of approximately 35 % between C. jejuni and C. hyoilei. This result and the fact that rRNA gene sequencing shows that C. hyoilei is related more closely to C. jejuni than to C. coli were not Differentiation between C. hyoilei and C. coli discussed by Vandamme et al. (1997) . Similarly, when these authors used different PCR assays with primers from genes encoding GTPase, gyrA and 16S rRNA for C. coli CCUG 11283 T and C. hyoilei CCUG 33450 T , amplicons of the same size were produced for both species and, hence, they were unable to differentiate them at the species level. The data shown by Vandamme et al. (1997) appear to refer to the genomic regions that are conserved between C. coli and C. hyoilei, which can lead to the erroneous suggestion that C. hyoilei is a variant of C. coli. Such conserved DNA regions are often used for identification of closely related species as a group and had been demonstrated previously for genes such as those encoding rRNA and cadF (Linton et al. 1996 ; Konkel et al., 1999) . The PCR assay developed in this study utilized a sequence from a non-conserved region of the genome of C. hyoilei and therefore can be used to differentiate C. hyoilei from C. coli and from C. jejuni.
Analyses of both strain-specific (pBT9810) and species-specific (pBT9811) C. hyoilei sequences revealed deduced amino acid sequence similarities to bacteriophage proteins. Although the amino acid sequence similarity to phage proteins is high, the overall GjC ratios in the C. hyoilei DNA fragments are 32n1 and 31n9 mol %, respectively, which are characteristic of that species (52-53 mol % is characteristic for bacteriophages Mu, P2 and 186). This suggested that lysogination of C. hyoilei may have occurred sufficiently early in the evolution of C. hyoilei for the phage genome sequence to drift to the mean GjC ratio that is found in Campylobacter spp. To the best of our knowledge, this is the first report of bacteriophage sequences in Campylobacter spp., and requires further investigation as lysogination has often been implicated in horizontal transfer of virulence genes and pathogenicity islands in enteric pathogens (Hacker et al., 1997 ; Nakayama et al., 1999) . It is important to note that C. hyoilei sequences cloned in both pBT9810 and pBT9811 did not hybridize with any C. coli strains tested and were also not present in the complete genome sequence of C. jejuni 11168 [Sanger Centre Website, 29 October 1998, revision date. Sequences ftp :\\ftp.sanger.ac.uk\pub\patho-gens\cj\ (5 November 1999, last date accessed)]. It appears likely that lysogination of C. hyoilei by phage genomes, like that cloned in pBT9811, may be a distinguishing feature of this species and may be related to the virulence of C. hyoilei reported by Alderton et al. (1992) . This would also account for several discrepancies such as the fact that some sequences encoding structural genes are conserved between C. hyoilei and C. coli and that the rRNA sequence of C. hyoilei is more closely related to that of C. jejuni than to that of C. coli. This interpretation was supported by the observed differences in metabolic enzyme rates between C. hyoilei and C. coli reported in this study.
Enzyme activities have been employed for phenotypic identification of Campylobacter spp. and the related organisms of Helicobacter spp. For example, several of the 19 enzyme activities tested with the API ZYM system (bioMe! rieux) have been used to differentiate Campylobacter lari from other Campylobacter spp. (Colomina et al., 1997 ) and significant differences in pyruvate metabolism were found between Campylobacter fetus and other Campylobacter spp. (Mendz et al., 1997) . Conventional biochemical tests have also been used to distinguish Helicobacter pylori from Campylobacter spp. and other Helicobacter spp. (Owen, 1998) . Comparison of the mean rates of the 15 enzyme activities in C. coli and C. hyoilei lysates revealed statistically significant differences in the values determined for seven of these activities ; these different rates were observed in cellular functions including biosynthesis, catabolism, energy generation, maintenance of redox balance and phosphate utilization. The data indicate the presence of basic phenotypic differences between C. coli and C. hyoilei, providing further evidence to support the conclusion that they are different species.
